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A B S T R A C T
The poor constraint of forest Above Ground Biomass (AGB) is responsible, in part, for large uncertainties in
modelling future climate scenarios. Terrestrial Laser Scanning (TLS) can be used to derive unbiased and non-
destructive estimates of tree structure and volume and can, therefore, be used to address key uncertainties
in forest AGB estimates. Here we review our experience of TLS sampling strategies from 27 campaigns con-
ducted over the past 5 years, across tropical and temperate forest plots, where data was captured with a
RIEGL VZ-400 laser scanner. The focus is on strategies to derive Geometrical Modellingmetrics (e.g. tree vol-
ume) over forest plots (≥1 ha) which require the accurate co-registration of 10s to 100s of individual point
clouds. We recommend a 10 m × 10 m sampling grid as an approach to produce a point cloud with a uni-
form point distribution, that can resolve higher order branches (down to a few cm in diameter) towards
the top of 30+ m canopies and can be captured in a timely fashion i.e. ∼3–6 days per ha. A data acquisi-
tion protocol, such as presented here, would facilitate data interoperability and inter-comparison of metrics
between instruments/groups, from plot to plot and over time.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction
Uncertainty when modelling the impacts of future climate sce-
narios is, in a large part, a result of uncertainty in the contribution
of the terrestrial ecosystem (Friedlingstein et al., 2006; Sitch et al.,
2008). Forests are the predominant terrestrial source and sink of car-
bon, varying greatly across time and space, and there has been much
effort to constrain estimates of the terrestrial carbon pool (Bombelli
et al., 2008). Methods to do so have typically involved detailed in-
situmeasurements at the tree or plot level (Chave et al., 2014). More
recently these methods have been augmented with remote sensing,
including aircraft and satellite observations, particularly airborne
LiDAR (Asner et al., 2010). However, all thesemethods rely on empir-
ical models to generate estimates of Above-Ground Biomass (AGB)
and as a result tend to suffer from non-optimal sampling, including
small numbers of harvested trees or biased sample size distributions
* Corresponding author.
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e.g. under-sampling large trees which contain disproportionate
biomass (Clark and Kellner, 2012; Duncanson et al., 2015).
Over the past ﬁfteen years, Terrestrial Laser Scanning (TLS) has
proven to be an increasingly practical option for providing precise,
accurate, timely and non-destructive estimates of forest biophysical
metrics, including AGB (Lovell et al., 2003; Hopkinson et al., 2004;
Thies and Spiecker, 2004; Jupp et al., 2008; Calders et al., 2015b;
Newnham et al., 2015). Falling instrument costs, improved range,
precision and accuracy of measurements and increased capability
of software and computing infrastructure to process large datasets,
have facilitated operational acquisition of TLS data at a forest plot
scale. Increased uptake presents opportunities for inter-comparison
of techniques and metrics, as well as establishing longer-term mea-
surements of forest structure for the calibration and validation of
satellite products. To improve data-interoperability between cam-
paigns, it is suggested that a minimum data standard and a data
acquisition protocol for capturing TLS data in forests is adopted
(Calders et al., 2015a). A minimum data standard is dictated by the
metric being acquired, this will in turn inform the sample design and
the speciﬁcations of the instrument used. A formal approach to data
http://dx.doi.org/10.1016/j.rse.2017.04.030
0034-4257/© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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acquisition is already common in other disciplines, such as national
forest inventories (Tomppo et al., 2010), forest ecology e.g. the Global
Ecosystem Monitoring (GEM) network or remote sensing validation
e.g. BigFoot.
As the name suggests, TLS instruments are ground-based laser
scanners, which have typically been developed for precision survey-
ing applications. Depending on themake andmodel, TLS instruments
scan a Field of View (FoV) ranging from a ﬁxed sector to a complete
hemisphere where the angular resolution is conﬁgurable in azimuth
and zenith resolution to a minimum sampling step. Instruments use
either a pulsed (time-of-ﬂight) or continuous frequency modulated
(phase-shift) laser that measure the distance to an intercepting sur-
face (Newnham et al., 2015). This, combined with measurements of
the scanning mirror’s orientation, allows for the precise location of
an intercepting surface to be determined. State of the art instru-
ments can ﬁre many millions of laser pulses per scan which create
a highly detailed 3D point cloud representation of the scanning
domain. Some instruments also have a waveform recording capa-
bility which records the intensity of the backscattered signal as a
function of time. This can be used to identify multiple interceptions
(or returns) from a single outgoing pulse which can be important to
penetrate occluding foreground vegetation in dense forests (Calders
et al., 2014; Lovell et al., 2003). There are currently no commercially
available scanners that are speciﬁcally designed for deployment in
forests, however, commercial surveying instruments have been used
successfully to measure forest structure in great detail (Newnham
et al., 2012). Additionally, there are several prototype experimen-
tal TLS instruments that have been developed speciﬁcally for forest
applications, including the single wavelength Echidna (Strahler et al.,
2008) and its successor, the Dual Wavelength Echidna Laser scan-
ner (DWEL) (Douglas et al., 2015), and the Salford Advanced Laser
Canopy Analyser (SALCA) instruments (Danson et al., 2014; Gaulton
et al., 2010).
Biophysical metrics estimated with TLS can be broadly grouped
into two categories: Gap Probability and Geometrical Modelling met-
rics (Newnham et al., 2015). Gap Probability metrics assume that
the canopy comprised small “soft” features that are distributed and
oriented randomly throughout the scanning domain e.g. leaves and
needles in a forest. Examples of Gap Probabilitymetrics include direct
estimates of gap probability (Danson et al., 2007) as well as derived
metrics including Leaf Area Index (Lovell et al., 2003) and Plant Area
Volume Density (Jupp et al., 2008). “Soft” features often result in
only a fraction of the outgoing pulse being backscattered, therefore
Gap Probability metrics are derived from the statistical probabil-
ity of recording an intercept (as a function of scan angle). As Gap
Probability metrics are derived from probability functions, scans can
be treated as independent samples and, therefore, do not require
co-registration. Gap Probability metrics are often derived from sin-
gle scans (Jupp et al., 2008; Lovell et al., 2003) or multiple scans
integrated to a single point (Calders et al., 2014; Schaefer et al., 2015).
Conversely, Geometrical Modelling metrics are derived assuming
hard targets (e.g. tree stems and branches) which can be modelled
explicitly. Examples include modelling tree structure (Bayer et al.,
2013) and volume e.g. using the Quantitative Structure Models or
QSM approach (Raumonen et al., 2013; Hackenberg et al., 2015),
which in turn can be used to estimate AGB (Calders et al., 2015b).
Tree models can also be used in a radiative transfer modelling frame-
work to simulate forests for modelling terrestrial and spaceborne
instruments (Calders et al., 2016). A single scan location can suffer
from limited sampling of the forest canopy and occlusion of distant
vegetation by objects in the foreground; (Hilker et al., 2010; Lovell et
al., 2011); therefore a systematic multi-scan location approach and
subsequent co-registration is necessary. Co-registration requires the
accurate determination of scans relative position to a local datum,
scans can then be roto-transformed into a common local reference
coordinate system. Methods to achieve a coarse co-registration have
involved the use of tree stem recognition (Henning and Radtke, 2006;
Zhang et al., 2016; Liu et al., 2017) or artiﬁcial targets that are com-
mon between scans. Currently, combining only a handful of scans
(<10 scans) covering tens or hundreds of square meters has been
reported e.g. Calders et al. (2015b). However, as discussed below,
with careful planning a large number of scans (>100) can be com-
bined to provide detailed structural information across large forest
plots over many hectares (Calders et al., 2016)(Fig. 1).
1.1. Overview
Here we aim to provide a summary of our experiences acquir-
ing TLS data over forest plots to generate Geometrical Modelling
metrics. This generally holds more challenges with respect to acqui-
sition of Gap Probability metrics due to the requirement for accurate
(sub-centimeter) co-registration of multiple scans (10s to 100s).
The guidance is aimed at practitioners who are planning their own
campaigns and, therefore, contains both theoretical and practical
considerations. The following section introduces equipment, logis-
tics and sampling considerations for undertaking a TLS campaign.
This is followed by a summary of our TLS campaigns completed
over the past 5 years, including analysis that highlights the beneﬁts
of selecting an appropriate sampling strategy. Finally, recommen-
dations for future campaigns are discussed in Section 5. It should
be noted that experience is drawn from using a high speciﬁcation
time-of-ﬂight RIEGL VZ-400 TLS instrument (RIEGL Laser Measure-
ment Systems GmbH), the conclusions drawn are intended for users
of this instrument. However, we suggest that the presented sampling
framework and other recommendations could be modiﬁed to suit
coarser resolution or lower powered instruments.
2. Equipment, sample design and logistics
2.1. Equipment
2.1.1. Laser scanner
As stated above, the guidance provided is drawn from experi-
ence with a RIEGL VZ-400 scanner. However, there are a number
of alternative laser scanners on the market and choosing the right
scanner is a question of budget as well as theoretical and practical
requirements. For example, the maximum distance at which a scan-
ner is capable of recording an interception can range from a few to
many hundreds of meters; this is an important consideration depen-
dent on likely vegetation density and canopy height. The ability to
record single or multiple returns may also preclude an instrument
from consideration, if for example, it is to be utilised in dense veg-
etation where occlusion could signiﬁcantly reduce range (Calders et
al., 2014; Lovell et al., 2003). Scanners can also be heavy (≥10 kg)
(Newnham et al., 2012), therefore, if ﬁeld sites are a long distance
from an access point then a lighter scanner may be more practi-
cal. Power access and battery life may also be important in remote
locations; battery charging can take several hours, and power access
can be intermittent, so multiple batteries and chargers may be vital.
A comprehensive review of scanner technologies, capabilities and
limitations are provided by Newnham et al. (2015) and Liang et al.
(2016). Ongoing efforts by the Terrestrial LiDAR Scanning Research
Coordination Network will also highlight the strengths of differ-
ent commercial and research instruments, for example between
time-of-ﬂight and phase-shift scanners.
TLS instruments are normally mounted on a surveying tripod
(Fig. 2). The scanner should be located securely on ﬁrm ground e.g.
directly into the soil removing any duff where possible. It may then
be necessary to level the scanner to within instrument tolerances.
Many scanners have a panoramic (limited zenith) FoV and do not
scan the complete hemisphere. To achieve full hemispheric coverage
142 P. Wilkes et al. / Remote Sensing of Environment 196 (2017) 140–153
Fig. 1. Point cloud of Wytham Woods generated from a TLS campaign where 176 scan positions were co-registered. Concurrent RGB images were captured with each scan, the
images and point cloud were then co-registered and points are attributed with an RGB value. An animated ﬂy-through of this scene can be viewed at https://www.youtube.com/
watch?v=RS6q3HMEJK8.
it is a requirement to scan in both an upright (i.e. the scanning rota-
tion axis is normal to the ground plane) and tilted position, where
the scanner is rotated 90◦ on a tilt mount so the rotation axis is par-
allel to the ground. The scanner should be positioned so that, as far as
is possible, the area surrounding it is free from vegetation up to the
minimum distance an interception can be resolved. This is to avoid
the instrumentmistakenly recording “no data” for the outgoing pulse
whichmay then be interpreted as a canopy gap. Furthermore, objects
Fig. 2. A RIEGL VZ-400 TLS instrument deployed in Harwood Forest.
in close proximity will also occlude a disproportionate fraction of the
FoV.
2.1.2. Retro-reﬂective targets
To achieve a coarse co-registration, surveys conducted over a
number of scan locations require common targets that can be iden-
tiﬁed in adjacent scans. A reliable and ﬂexible solution is to use a
set of temporary retro-reﬂective targets that are visible from both
(or many) scan locations. Targets can be spherical, cylindrical or ﬂat
(Fig. 3), for example, Hilker et al. (2010) used polystyrene spheres.
Such targets are typically provided by TLS manufacturers, but can
also be made quite cheaply and quickly using off-the-shelf compo-
nents such as retro-reﬂective tape (see Fig. 3A and B). Spheres and
cylinders should be preferred when the targets need to be visible
from very different directions. Theminimum size of a target is a func-
tion of scanner angular resolution, beam divergence, reﬂectivity of
the target, incidence angle of the laser beam on the target and dis-
tance of the scanner from target (Alba et al., 2008). The number of
returns recorded for a target reduces signiﬁcantly with increasing
distance from the scanner (Calders et al., 2017) .
Targets are normally mounted on poles e.g. fencing stakes, which
are ﬁrmly driven into the ground to prevent movement (bearing in
mind they may be in-situ for extended periods due to bad weather
or being left overnight). To achieve satisfactory registration a mini-
mum of 4 common targets are required between scans, it is therefore
advisable to deploy >4 targets for redundancy purposes and to
assess registration accuracy. When placing targets it is important
that they are not occluded from both (or many scan locations) in
the upright and tilt scan locations, this can be checked by ensuring
that the laser aperture is clearly visible from the target location. Tar-
gets should be spread out within the instrument FoV between the
two (or many) scan locations, including as much variation as possi-
ble in the vertical direction. Having targets in a relatively narrow FoV
may introduce excessive roll or pitch errors in the subsequent co-
registration. For example, if all targets are aligned between the two
scanners this could introduce an excessive roll error. If a target posi-
tion changes between scans e.g. becomes loose or is knocked over,
this should be removed and placed out of view of the scanner for
any subsequent scans. Care should be taken whenmoving around in-
situ targets as (re)moving targets can impact co-registration accuracy
and signiﬁcantly increase post processing time. Coloured ﬂagging
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Fig. 3. Examples of retro-reﬂective targets. A and B are cylindrical, C is ﬂat and can either be attached to a surface or mounted on a pole.
tape could be used to identify sets of targets and prevent targets
being accidentally moved.
2.2. Sample design
There are a number of different conﬁgurations and approaches
that can be utilised when setting out a sampling grid. The overall
aim is to produce a point cloud that (a) captures a large propor-
tion of the target canopy, (b) has a uniform point density across
the scanning domain, including vertically (important when applying
clustering algorithms e.g. RANSAC (Hackenberg et al., 2015)), and (c)
can be co-registered with a desired degree of accuracy. The required
co-registration accuracy will depend on the application, but to make
best use of the data should be better than the instrument spot size at
the closest useful range i.e. of the order of centimeters (for 5–10 m
range). Co-registration accuracy can often be improved during post
processing with manual reﬁnements e.g. careful selection/pruning of
targets and selecting between multiple registration solutions with
similar residual errors.
The density of the sampling pattern is determined by the size of
the area to be scanned, the density of the vegetation and the metrics
to be derived. For example, metrics that require only a coarse resolu-
tion scan of the lower portion of the canopy (e.g. stem location) can
be derived from a less dense sampling pattern; whereas, to resolve
higher order branches requires amore dense sampling conﬁguration.
Discussed below are examples of protocols used for scanning a single
tree and area-based scanning of many trees, typically an area ≥1 ha.
If repeat campaigns are planned (e.g. leaf on and off), then mark-
ing the location of each scan position (e.g. with a small ﬂag or stake)
is beneﬁcial. When the repeat scan is performed the scanner should
ideally be<1 m from the original location to improve co-registration
between scanning acquisitions and to maintain a uniform point den-
sity. Another option for repeat scanning is to consider permanently
installing a few retro-reﬂectors in key locations e.g. plot corners, to
accurately co-register repeat scans.
2.2.1. Scanning a single tree
For scanning a single tree a number of different approaches are
available, two of which are discussed below: i) a radial pattern
around the tree stem and ii) a regular grid (Fig. 4). Raumonen et al.
(2013) suggest a minimum of 3 scan locations to capture a single
tree, however, if scanning a large tree through a dense canopy, in our
experience 6 or more scan locations are required to capture a tree
(and surrounding) canopy architecture.
With regard to Fig. 4A, scan locations are located at Cardinal
coordinates (0◦, 30◦, 60◦, . . . , 300◦) around the tree stem. Scanning
Fig. 4. Examples of scan patterns for a single tree where the tree of interest is highlighted in green. A: sampling pattern where the scanner is located at 0◦ , 60◦ , . . .300◦ around
the tree at varying distance from the stem; B: a regular grid to sample a tree (and surrounding canopy) pre- and post-harvest.
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locations along the axes are subjectively chosen on ability to sight the
crown and can be anywhere from 1 - 40 m from the base of the tree.
The example in Fig. 4B is a sampling scheme designed for repeated
scans pre- and post-harvest of a large tree, which optimises the sam-
pling of both the harvested and surrounding trees which may be
potentially damaged during harvesting. The TLS scan locations fol-
lowed a systematic grid consisting of a total of 13 scan locations. In
each plot, the tree was located at 15 m on the X axis and 5–10 m
on the Y axis which was aligned to the expected fall direction of the
harvested tree.
Single tree scan conﬁgurations have also been extended to cap-
ture larger areas e.g. Calders et al. (2015b).
2.3. Scanning a large area
When scanning a larger area, a practical, repeatable and scalable
approach is to locate scan locations on a systematic grid. Existing
grids, established as part of permanent sampling plots (e.g. Rainfor,
GEM or Afritron) can be utilised, saving signiﬁcant time establish-
ing a new plot. Where there are existing plots there is also likely
to be existing data e.g. detailed forest inventories, that could prove
very useful. When establishing the scanning grid, it is advisable to
use the existing plot origin and relative coordinate system to aid co-
registration with existing data sets. Co-registration can be further
enhanced by identifying (and marking with retro-reﬂectors) com-
mon anchors (e.g. plot corners) that could serve as ground control
points.
It is recommended that the overall scan pattern forms a con-
tinuous “chain” where each scan location is linked to the previous
and next location (Fig. 5A). A number of different conﬁgurations
have been trialled dependent on stem and understory density. For
example, when understory vegetation is dense a higher resolution
sampling grid has been used e.g. 10 m × 10 m, to ensure adequate
sampling of the canopy through the understory as well as occlusion
of adjacent scan locations; whereas, if the understorey is more open,
a 20 m × 20 m sampling grid has been used. In very dense vegeta-
tion, a clear view of the tree canopy may not always be possible;
however, it is important to continue a regular scanning “chain” to aid
co-registration and maintain a uniform point density.
If the understorey is suﬃciently open, a sampling conﬁguration as
presented in Fig. 5B has been used. Targets are set out on a per row
basis where once the end of a row is reached all targets are shifted
on to the next row. For the ﬁrst and last rows, targets are set out in a
similar pattern outside of the grid. Targets are also located outside of
the plot at the beginning and end of each row. For example, moving
left to right in Fig. 5B, targets outside Row 1 and between Row 1 and
2 are usedwhen scanning Row 1. Once Row 1 is complete, the targets
outside of Row 1 are moved to between Rows 2 and 3 and Row 2 is
scanned. In this example, four targets are used per quadrant, where
a quadrant is bounded by a scan location at each corner.
An alternative sampling pattern applicable to more dense vege-
tation is presented in Fig. 5C. From Scan Location 1 a set of 6 targets
are located in view of the scan aperture between Scan Location 1 and
Scan Location 2, once scanning is completed the scanner is moved to
Scan Location 2. Before scanning at Scan Location 2, a second set of
6 targets is located between Scan Location 2 and 3. After scanning is
completed at Scan Location 2, the scanner is moved on to Scan Loca-
tion 3 and the targets between Scan Locations 1 and 2 are moved to
between Scan Locations 3 and 4. Once the end of a row is reached,
scanning continues down the next row (Fig. 5A). The rows are linked
by placing targets between the ﬁrst and last scan positions of the
adjacent rows as illustrated between Scan Locations 22 and 23 in
Fig. 5C.
If tilt scans are required, to ensure that targets are in the instru-
ments FoV it is common practice to align the scanner at each location
so that the tilt scan is perpendicular to the direction of the scanning
transect i.e. the scanners rotation axis is perpendicular to the sam-
pling transect. If using the method described in 5C it is important to
include an extra target on the outside of the grid at the beginning and
end of the scanning chain e.g. Scan Location 1, or at the end of a row
(Scan Locations 22 and 23 in Fig. 5C). This is to compensate for the
lack of targets outside grid, therefore, reducing roll and pitch errors
when co-registering the tilt and upright scans.
2.4. Logistics
There are a number of logistical issues to consider when planning
a TLS campaign, many of which are common to all remote ﬁeld work
e.g. health and safety considerations. Below is a brief discussion of
considerations speciﬁc to a TLS campaign.
Forest type, sample design, scanner speciﬁcations, instrument
settings and weather conditions can all signiﬁcantly extend the time
required to complete a campaign. In good conditions, it is normal for
each location to take from 15 min to >1 h to complete, often with
the time spent locating targets equalling time the scanner is in oper-
ation. There are a number of steps that can be taken to increase time
eﬃciency in the ﬁeld. For example, it is recommended that scan loca-
tions are identiﬁed and clearly marked before scanning commences,
so that they can be easily located during scanning and used to align
subsequent scans and targets. For a large area e.g. 1 ha plot, preparing
the plot may take an additional 1–2 days.
Fig. 5. Sampling pattern conﬁgurations for capturing TLS data over large area, where scan locations are linked by a continuous “chain” (A). Examples of sampling patterns where
targets are common between rows (B) and between scan locations (C).
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Table 1
Field campaigns and speciﬁcations. All campaigns used a RIEGL VZ-400 scanner.
Country Location Coordinates Forest type Stem ha−1
(10–20 cm dbh) (≥20 cm dbh)
Australia Rushworth 36◦44’32.30”S
51◦145’0.11”E
Eucalypt Open Forest 317–347
Brazil Caxiuana 1◦47’32.30”S
51◦26’2.50”W
Lowland tropical rain forest − −
Ethopia Kaffa 7◦20’27.68”N
36◦13’3.50”E
Forest degradation gradient 289 175
French Guiana Nouragues 4◦4’59.99”S
52◦40’59.99”W
Lowland tropical rain forest − −
Gabon Mondah forest reserve 0◦34’34.68”N
9◦19’23.45”E
Lowland tropical rain forest 460
Lope National Park♠ 0◦10’29.02”S
11◦34’23.98”E
Lowland tropical rain forest 225–393
Lope (Forest-Savannah Succession) 0◦12’12.45”S
11◦35’17.38”E
Forest-savannah succession gradient 283–507
Ghana Ankasa♠ 5◦16’6.75”N
2◦41’39.141”W
Lowland tropical rain forest 286 162
Ankasa (AfriSCAT) 5◦16’6.75”N
2◦41’39.141”W
Lowland tropical rain forest ∼288 ∼178
3 single trees♠ 5◦16’6.75”N
2◦41’39.141”W
Lowland tropical rain forest 286 162
Bobiri♠ 6◦41’27.61”N
1◦20’18.13”W
Transition forest-savannah and savannah 527–803
Kogyae♠ 7◦18’9.34”N
1◦10’48.65”W
Savannah 193
Transition forest-savannah 193-234
Guyana Vaitarna 6◦2’13.2”N
58◦41’47.4”W
Lowland tropical rain forest 263 241
Indonesia Sampit 2◦24’43.2”S
113◦7’39”E
Peat swamp forest 969 303
Netherlands Speulderbos 52◦15’1.16”N
5◦41’56.72”E
Mature Beech forest 11.4 249
Peru Esperanza♥ 13◦10’32.70”S
71◦35’42.05”W
Cloud forest − −
San Pedro♥ 13◦2’56.98”S
71◦32’11.40”W
Montane tropical rain-forest − −
Tambopata 05♥ 12◦49’48.84”S
69◦16’13.81”W
Lowland tropical rain forest − −
Tambopata 06♥ 12◦50’18.438”S
69◦17’45.81”W
Lowland tropical rain forest − −
Wayquecha♥ 13◦11’26.63”S
71◦35’14.66”W
Cloud forest − −
Madre de Dios 12◦16’12”S
69◦6’9”W
Lowland tropical rain forest 394 171
Iquitos 3◦50’5.74”S
73◦18’53.49”W
Peat swamp forest 546 154
UK Harwood Forest 50◦25’1.00”N
3◦50’59.11”W
Conifer plantation − −
WythamWoods 51◦46’31.44”N
1◦18’28.08”W
Broadleaf deciduous 232 268
♣ For A and B refer to Fig. 5B and %C respectively; for C and D refer to Fig. 4A and B respectively
 Tilt scans at higher resolution.
♠ Global Ecosystem Monitoring network plot http://gem.tropicalforests.ox.ac.uk/
♥ Amazon to Andes transect http://gem.tropicalforests.ox.ac.uk/projects/aberg
∀ Assuming a 3 man team and not including time for travel and poor weather.
 All stems with dbh >10 cm
Scanner settings can signiﬁcantly increase time and resources
required. For example increasing the angular resolution of the scan-
ner exponentially increases scan time. The decision as to whether
to capture discrete return or full-waveform data can also impact the
time and resources required. Capturing full-waveform data creates
signiﬁcantly larger ﬁles than discrete return data, the RIEGL VZ series
full waveform scan ﬁles are ∼6 − 7 times larger than the discrete
returnequivalent.Thiswillﬁll the instrument internalharddrivemore
quickly and may limit the amount of scanning that can be achieved
in a day. Furthermore, by virtue of ﬁle size these data are then slower
to transfer, view and co-register in post processing. It is suggested
that if Geometrical Modellingmetrics are the aim, then capturing dis-
crete return data is suﬃcient (Calders et al., 2015b; Burt et al., 2013).
Scanner settings also have implications for the hardware required e.g.
additional external batteries and/or data storage. It is recommended
that additional batteries and data storage are brought into the ﬁeld so
that scanning can continue even if a battery fails or the instrument’s
on-board storage is ﬁlled.
Scanning is weather dependent and adverse weather conditions
may postpone scanning and/or alter canopy conditions signiﬁcantly.
For example, scanning in wet conditions (mist, fog or rain) not
only affects the transmission of the laser pulse but also the scat-
tering properties of the leaf surface. Carrying an appropriate wet
weather covering for the scanner is advisable for protection during
rain showers. Scanning can only resume when leaves are dry and
conditions below the canopy are clear. Windy conditions are also not
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Year Angular resolution (◦) Sample pattern♣ Mean distance between Number of scan Area Days ha−1∀
scan locations (m) locations
2012 0.06 C 40 5 2 plot × 0.5 ha 1
2015 0.04 A 20 36 2 plot × 1 ha 4 − 5
2015 0.04 C 10 − 20 5 (centre and 4 on perimeter) 6 plots × 0.03 ha & 21 plots × 0.13 ha 15
2015 0.04 A 20 36 1 plot × 1 ha 4 − 5
2013 0.06 A 20 36 2 plots × 1 ha −
2016 0.04 B 10 121 2 plots × 1 ha 5
2013 0.06 A 20 36 1 plot × 1 ha −
2016 0.06 B 10 121 4 plot × 1 ha 5
2013 0.06 A 20 6 10 plots × 0.08 ha 6
2016 0.04 B 10 121 1 plot × 1 ha 8
2016 0.04 B 10 88 1 plot × 0.7 ha 8
2016 0.04 / 0.01  C ∼10–20 6–10 per tree 3 single trees −
2016 0.04 B 10 121 2 plots × 1 ha 3 – 5
2016 0.04 A 20 36 2 plot × 1 ha 2
2016 0.04 A 10 121 1 plot × 1 ha 2
2014 0.06 D 12.5 13 10 plots × 0.12 ha 4.5
2014 0.06 D 12.5 13 10 plots × 0.12 ha −
2015–16 0.06 D 14 5 5 plots × 0.04 ha −
2013 0.06 / 0.009  A 20 36 1 plot × 1 ha 5.5
2013 0.06 / 0.002 A 20 36 1 plot × 1 ha 5
2013 0.06 / 0.007 A 20 36 1 plot × 1 ha 5
2013 0.06 / 0.007 A 20 36 1 plot × 1 ha 5
2013 0.06 / 0.007 A 20 36 1 plot × 1 ha 5.5
2013 0.06 D 30 8 9 plots × 0.15 ha −
2013 0.06 C 10 5 (centre and 4 on perimeter) 6 plots × 0.03 ha −
2015 0.04 A 20 6 1 plot × 0.08 ha −
2016 0.04 B 10 66 1 plot × 0.5 ha 3
2015-16 0.04 A 20 176 1 plot × 6 ha 2 – 3
ideal, as even relatively large trees can sway in a light breeze which
can produce a ghosting effect in the resulting point cloud. Seidel et
al. (2012) recommend scanning in wind speeds of <5 m s−1.
When scanning large areas over extended periods (e.g. many
hectares) the impact of phenology or climate must be considered.
For example, leaf area and angle may change signiﬁcantly if scanning
through spring (Calders et al., 2015c) or autumn. Changes in season,
for example the onset of rainy seasons or snow accumulation, may
also signiﬁcantly alter the structure of the canopy. For this reason it is
preferable to time campaigns to when forest conditions and climate
are relatively invariant.
It is suggested that a minimum of 2–3 people per team are
required to carry and operate equipment, set out targets and identify
scan locations. Equipment can be heavy and awkward to carry
through dense vegetation. Having more team members helps dis-
tribute the weight and reduces team fatigue, particularly if plots are
a distance from access points. We have found that proper training
(e.g. scanner functionality, effective reﬂector placement) and assign-
ing a ﬁxed role to team members each day help to reduce time per
location and avoid confusion.
3. Analysis
3.1. TLS campaigns
A total of 27 TLS campaigns have been conducted over the past 5
years by our groups, capturing a number of different metrics across a
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range of forest types. Acquisitions have ranged from scanning single
trees for detailed 3D canopy size and shape analysis, to campaigns
across large contiguous areas of commercial plantation, deciduous
forest and dense tropical forests to estimate tree volume and biomass
(Table 1). Over this time a number of different scan and instru-
ment conﬁgurations have been trialled. In the following sections we
summarise the evolution of scanning methodologies to capture Geo-
metric Modellingmetrics and present a brief analysis highlighting the
advantages (and disadvantages) of different sampling conﬁgurations.
3.2. Workﬂow for processing TLS scans
All scans used in this analysis were ﬁrst co-registered using
RIEGL’s RiSCAN PRO® software package. A coarse co-registration
between scans was achieved using retro-reﬂective targets as tie-
points, as discussed above. Translation and rotation errors were then
further reduced using a multi-station adjustment (MSA) approach,
MSA modiﬁes the orientation and position of each dataset in sev-
eral iterations to calculate the best overall ﬁt. Once co-registration
was completed, a per-scan rotation and transformation matrix was
applied to each raw point cloud to register individual scans into a
common local coordinate system. Point clouds were then ﬁltered to
remove “noisy” data, these are deﬁned as backscattered pulses that
have a signiﬁcantly different pulse shape when compared to the out-
going pulse (Pfennigbauer and Ullrich, 2010). Differences in pulse
shape are often caused by partial backscatter, for example, from
leaves or the edge of a stem (Vaccari et al., 2013). Further process-
ing and analysis e.g. tree extraction, was conducted using the treeseg
software package (Burt, 2017).
3.3. Analysis of different sampling conﬁgurations
A number of experiments were conducted to highlight the impact
of different sample grid densities, total area sampled and appro-
priateness of a single-tree or grid based approach. Mean Euclidean
nearest neighbour distance was used as a metric to compare point
cloud density where Euclidean distance was calculated to a point’s 4
closest neighbours. This metric provides a forest type agnostic mea-
sure of point distribution as, at the scale computed i.e. <10 cm, it is
generally independent of the effects of tree spacing and vegetation
clumping.
Plot scale analysis was conducted by sub-dividing point clouds
into 10 m × 10 m × 10 m voxels. From this, plot scale point cloud
uniformity and total area sampled were assessed for different sam-
pling conﬁgurations using the nearest neighbour metric. Further
analysis was conducted by extracting individual trees from the point
cloud. The impact of sampling density was tested on a single tree
extracted from the Ankasa AfriSCAT campaign (Table 1) by compar-
ing nearest neighbour distances for data collected on a 10 m grid
with data re-sampled to a 20 m and 30 m grid spacing. Distance
to scan position was analysed using two trees extracted from the
Ankasa GEM plot, a plantation conifer for the 2016 Harwood capture
and a tree from the Wytham Woods leaf-on acquisition (Table 1),
where each point was classiﬁed by Cartesian distance to scan loca-
tion. Finally, a comparison of a single-tree scanning conﬁguration
(Fig. 4A) and a 10 m × 10 m grid based sample design (Fig. 5B) was
performed on a tree from the the Ankasa GEM plot captured using
both methods.
4. Results and discussion
Quantiﬁcation of global forest carbon sinks and ﬂuxes has been
identiﬁed as key for understanding future climate change scenarios;
to achieve this requires an estimate of forest Above Ground Biomass
(AGB). In recent years, Terrestrial Laser Scanning (TLS) methods have
proved to be an accurate, timely and non-destructive measurement
tool to estimate standing AGB (Calders et al., 2015b; Hackenberg et
al., 2015). Furthermore, as shown here, sampling with TLS can be
upscaled to measure numerous trees over many hectares.
An acquisition protocol would assist with data interoperability,
inter-comparison of derived metrics between campaigns and for
establishing longer-term measurements for calibration and valida-
tion purposes. The aim of this guidance, analysis and discussion is
to summarise our experience of TLS acquisition for estimating Geo-
metrical Modellingmetrics. The exact design of an acquisition will be
dependent on the target metric and forest conditions, therefore, the
information provided here can be scaled accordingly.
4.1. Practical considerations
As is the case for ﬁeld campaigns in other disciplines, TLS data
acquisition is ultimately constrained by time, cost and the measure-
ment requirements (area, number, accuracy). As a guide, scanning a
1 ha plot typically takes a team of 3 people between 3 and 8 days
(Table 1), dependent upon topography and understorey conditions.
External factors including access and weather conditions can signiﬁ-
cantly increase time required. Often, a large portion of time is spent
with the scanner operating; therefore, optimising instrument param-
eters to given project requirements can maximise cost-beneﬁt. The
majority of our campaigns to generate Geometrical Modelling met-
rics have used an angular resolution of 0.04◦ (Table 1) which has
generally satisﬁed the trade-off between accuracy and time require-
ments. Increasing scan angular resolution exponentially increases
scan length which will reduce number of scan positions possible. The
trade-off between capturing high resolution data and capturing data
from multiple viewing angles, which can mitigate occlusion partic-
ularly towards the top of the canopy, should be considered. If high
resolution data are required, restricting the instruments FoV to focus
on the target tree can be considered.
Siting retro-reﬂective targets can also be time consuming. A
number of methods have been proposed for a target-less coarse reg-
istration, such as the use of tree centres as targets (Henning and
Radtke, 2006; Liu et al., 2017) which can then be further augmented
by back-sighting the scanner (Zhang et al., 2016). However, target-
less approaches are often labour intensive during post-processing
(e.g. identifying common targets in adjacent scans) and are only
practical when aligning a few scans. Furthermore, in tropical forest
it is often the case that the previous scan location is not visible from
the next and, therefore, easily identiﬁable intermediate targets are
necessary.
Collaboration can signiﬁcantly reduce time spent in the ﬁeld. For
example, two laser scanners were used to collect data during the
Ankasa campaigns (Table 1); where each team began on opposite
ends of the scanning “chain” (Fig. 5A) and eventually met in the
middle. As the same speciﬁcation instrument, scanner settings and
sampling method were used by both teams, there were no issues
with data interoperability (Calders et al., 2017). Co-registration and
post processing were completed as if data were collected from a
single instrument so as to avoid compounded co-registration error,
particularly towards the point where the two teams met.
4.2. Comparison of different sampling strategies
4.2.1. Sampling pattern
When collecting TLS data for the purposes of deriving Geometric
Modelling metrics, the aim is to produce a point cloud that enables
precise co-registration of adjacent scans, has a uniform point distri-
bution and that maximises coverage of the canopy. For all campaigns
presented in Table 1, co-registration between scan locations was
successful. Using a similar technique, Burt et al. (2013) produced
co-registered point clouds with overall registration errors of <1 cm.
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The more dense the sampling pattern the more uniform the point
distribution (Fig. 6). For example, a higher resolution scan conﬁg-
uration (e.g. 10 m × 10 m) results in a relatively uniform point
distribution (Fig. 6A and C). Conversely, a non-uniform distribution
of points is produced in the lower portion of the canopy (<10 m)
of the Caxiuana and Harwood 2015 plots (Fig. 6B and D) when cap-
tured with a 20 m × 20 m sampling pattern. This results in the mean
nearest neighbour distance varying by a factor of 5–6, even in the
plot centre. Comparing the two Harwood acquisitions, point density
is further increased in the 2016 plot by capturing a larger area. A
heterogeneous point density may cause errors when applying clus-
tering algorithms that assume a uniform point distribution (Raumo-
nen et al., 2013; Olofsson et al., 2014); therefore, further subsampling
(and subsequent information loss) would be required to achieve this.
A variable point density may also hinder the identiﬁcation of smaller
trees, particularly in the “gaps” between scan locations.
Furthermore, with increasing understorey density, the placement
and sighting of targets becomes more diﬃcult due to occlusion. Typ-
ically, a denser sampling pattern makes placement and sighting of
targets easier. With increasing height in the canopy and subsequent
reduction in vegetation density, the effect of sample density appears
to diminish.
For an individual tree, a more dense scan pattern increases the
ability to resolve canopy structure, particularly towards the top of
the canopy. Fig. 7 compares data from the Ankasa AfriSCAT plot
(Table 1) collected on a 10 m grid with data that have been subsam-
pled to a 20 m and 30 m grid spacing. With regard to identifying
the tree stem (i.e. canopy height <10 m), mean nearest neighbour
distance is <1.5 cm for all scan conﬁgurations (compare panels D
in Fig. 8). However, in the mid and upper canopy, point spacing
increases signiﬁcantly when comparing the 10 m grid with the 20 m
and 30 m patterns (compare panels A, B and C for the different sam-
pling densities in Fig. 7). Differences between sampling densities are
particularly evident at the top of the canopy, where increased sam-
ple density increases the ﬁdelity of branching structure. The ability
to resolve a branch of a certain diameter is a function of the beam
exit diameter, beam divergence and range; therefore, a mean near-
est neighbour distance of ∼0.03 m is optimal to resolve branches
towards the top of a 30 m canopy.
We have found that a good compromise is met by sampling on a
10 m × 10 m grid, this captures data in suﬃcient detail whilst also
permitting capture of large areas on a reasonable time scale. The
method illustrated in Fig. 5C is an evolution of the method presented
in Fig. 5B and this is now themore commonly usedmethod, owing to
reduce time establishing and relocating targets and the requirement
for fewer targets overall. The layout illustrated in Fig. 5B may still
be useful if TLS is acquired in conjunction with other data captured
where (semi)permanent targets are required e.g. mobile or airborne
laser scanning (see Section 4.3).
4.2.2. Sampled area
In the lower canopy (i.e. <10 m) the area where mean near-
est neighbour distance ≤0.02 m is often 1.5–3 times the area of the
sample grid. For example, the 2016 Harwood campaign sample grid
covered an area of 0.5 ha; yet an area of 2.8 ha had a nearest neigh-
bour distance of≤0.02 m. The area covered contracts rapidly towards
the centre of the plot with increasing height in the canopy (assuming
an homogeneous canopy layer, see Fig. 6). For the Ankasa GEM plot,
the area where mean nearest neighbour distance is ≤0.02 m is a fac-
tor of 1.6, 1.2 and 0.01 the scanned area for canopy height of 0–10 m,
10–20 m and 20–30 m respectively (Fig. 6A). Similarly for the 2016
Harwood data, the area where mean nearest neighbour distance is
≤0.02 m is 2.84 and 0.78 times the plot footprint for canopy height
0–10 m and 10–20 m respectively. To maximise area where point
density is suﬃciently high, as well as simplifying plot establishment,
it is suggested that plots are square in shape.
Scan locations from a relatively large distance can contribute sig-
niﬁcantly to the point cloud that comprise a tree (Fig. 8), this is
particularly true towards the top of the canopy. For example, for the
Wytham Woods tree in Fig. 8, 45% of returns above a canopy height
of 20 m are from scan locations ≥40 m from the tree.
Fig. 6. Mean nearest neighbour distance (4 closest neighbours) calculated across forest plots for 10 m × 10 m × 10 m voxels. (A) the Ankasa GEM plot comprising 121 scan
locations over 1 ha on a 10 m × 10 m grid, (B) the Caxiuana plot comprising 36 scan locations over 1 ha on a 20 m × 20 m grid, (C) Harwood Forest (2016) comprising 93 scan
locations over 0.5 ha on a 10 m × 10 m grid (extent clipped to match plot dimensions of D), and D Harwood Forest (2015) collected over 0.08 ha on a 20 m × 20 m grid over 6 scan
locations.
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Fig. 7. A comparison of mean nearest neighbour distance (nn) for points that comprise an individual tree derived using 10, 20 and 30 m grid sampling densities. (left column) The
location of sample points and location and extent of the target tree. (middle column) Point cloud representations of the sampled tree including mean nearest neighbour distance
for different canopy heights. (right column) Subset 3 m× 3 m× 3 m voxels for different areas of the tree, locations are identiﬁed in themiddle column. The tree has been extracted
from the Ankasa AfriSCAT plot (Table 1).
4.2.3. Single tree vs. grid sampling
If the primary focus of a campaign is to characterise a single
tree, a more focused sample design may be more appropriate than
a grid pattern. For example, a scan pattern consisting of 8 scan loca-
tions around a target tree, where the tilt scan angular resolution
was increased to 0.01◦, produced a more vertically consistent cloud
when compared to a grid based approach (Fig. 9). However, there
are a couple of points worth noting when comparing the two tech-
niques. Firstly, the contribution of any single scan location maybe
limited e.g. due to occlusion, and the contribution of more distant
scan locations may not be immediately apparent. As can be in the
heat maps of Fig. 8, it is normally one or two scan locations that
contribute signiﬁcantly to a trees’ point cloud; however, scan posi-
tions>50 away may also contribute signiﬁcantly. Secondly, the time
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Fig. 8. Analysis of distance to scanner for points that comprise four trees; 2 tropical tree from the Ankasa GEM plot, a Sitka Spruce from Harwood Forest and an Oak tree
(leaf-on) from Wytham Woods. Each tree has three panels (top) frequency histograms as a function of scanner distance for all points that comprise a tree, (middle) point cloud
representations of the trees, with (inset) frequency histograms for different heights within the canopy and (bottom) heat maps showing the location and relative contribution of
the scan positions to each tree. Scanner distances are approximated to the nearest 10m.
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Fig. 9. A comparison of mean nearest neighbour distance for a tree captured using a single-tree sampling method (see text) and a 10 m × 10 m grid. The tree was extracted from
the Ankasa GEM plot (Table 1).
spent conducting a high resolution single tree scan is far greater than
for a grid approach scanning a similar area. For example, the time
taken to complete a single scan location for the single tree extraction
in Fig. 9 was ∼45 min(10 min for an upright scan with a FoV of 360◦
in azimuth and 100◦ in zenith at an angular resolution of 0.04◦ plus
35 min for a tilted scanwith a FoV of 100◦ in both azimuth and zenith
at a 0.01◦ angular resolution); whereas, a single scan location where
both the upright and tilt scan have an angular resolution of 0.04◦
takes ∼20 min. Additionally, small sample size has been a criticism of
destructive samplingmethods for estimating AGB (Clark and Kellner,
2012; Duncanson et al., 2015).Wewould argue that formost applica-
tions a grid based approach provides suﬃcient detail to characterise
tree structure and volume as well as providing a larger sample of
trees. The contribution of any single scan position is greater the
closer it is sited to the target tree (including canopy); therefore, we
recommend that for single-tree approaches scan positions are <10
m from the tree.
A further alternative is a hybrid of the grid and single tree meth-
ods. The plot is scanned on a grid as normal, but trees for which
higher detail is required are marked in advance with retro-reﬂective
targets e.g. at least 4 ﬂat targets (Fig. 3C) are pinned to the target and
surrounding trees. These trees can then be re-scanned using a higher
angular resolution, and both sets of data can then be co-registered
together.
4.3. Integrating other measurement techniques
There are now a a number of different measurement techniques
available that could be used in addition or to augment TLS measure-
ments e.g. airborne, UAV and mobile laser scanning, structure-from-
motion, digital (hemispherical) photography and canopy analysers
such as the LAI-2200 (Bauwens et al., 2016; Wallace et al., 2016).
Coupling different techniques may require alterations to surveying
methods, for example, retro-reﬂective targets may need to be larger,
a different shape or laid out on a (semi)permanent grid e.g.Fig. 5B. To
aid co-registration, it is advised that data is collected using the same
local origin, measurement units and reference coordinate system and
that common features are identiﬁed during scanning.
5. Conclusion
There is an identiﬁed requirement for reducing uncertainty in
the contribution of forests to the global carbon budget. Techniques
that utilise Terrestrial Laser Scanning (TLS) have proven a robust
approach for accurately estimating Above Ground Biomass and other
forest structure metrics. However, to ensure that estimates are inter-
comparable between campaigns and instruments, as well as into the
future, there is a need for data to be collected to a minimum stan-
dard and following a standard protocol. This guidance and analysis
summarises our experience of acquiring TLS data where the goal was
to generate Geometric Modelling metrics, and is a culmination of 27
ﬁeld campaigns over 5 years. The focus are scanning conﬁgurations
that capture data over larger areas (i.e. beyond the range of a single
scan) and/or from multiple viewing angles, where scans need to be
co-registered.
Sampling method and conﬁguration will always be constrained
by available time and resources and this may result in a compromise
of data quality (i.e. data resolution). Ideally, point cloud data should
have a uniform distribution of points, be of adequate detail to derive
the desired metric and allow accurate co-registration of scan loca-
tions. We suggest that the most ﬂexible and scalable approach for
achieving this is to arrange scan locations on a regular grid, where
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adjacent scan locations are linked in a “chain” using common tie-
points. Portable retro-reﬂective targets were found to be a necessary
and reliable method for creating tie-points between scans. Follow-
ing analysis of different scanning patterns and densities, we suggest
that a 10 m × 10 m sampling grid is able to provide a uniform point
density required for resolving higher order branches towards the top
of the canopy and be completed in a reasonable time frame. This
approach is now our standard method regardless of forest type. Less
dense samplingpatternsmaywell still be suited for characterising the
distribution of larger canopy features e.g. tree stems. A large (≥1 ha)
square plot balances the maximum area where point density is the
highest with ease of establishing the plot. If high detail for individual
trees is required then a single tree scan pattern, with a higher angular
resolution scan, produces amuch denser point cloud. However, there
is a trade off with time and total sample size (i.e. number of trees
scanned), which has been the criticism of previous in-situ techniques.
The recommendations presented here are based upon using
a RIEGL VZ-400 time-of-ﬂight scanner. Lower powered/resolution
instruments will provide less detail and surveying strategies (and
expectations) may have to be modiﬁed accordingly. Conversely and
looking to the future, instruments that record returns from a greater
distance, that scanwith increased angular resolution in a timely fash-
ion and accurately resolve multiple returns (including radiometric
information), will provide a richer data set than is currently pos-
sible. Therefore, scanning patterns may be modiﬁed to capture a
larger area without loss of information. We would argue that despite
this, increasing the number of scan locations will always improve
results owing to reduced occlusion. Regardless of scanner speciﬁca-
tions, the decisions as to which kind of sampling approach to use
should be taken carefully, with the application requirements and
data interoperability at the forefront of the planning process.
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